When it comes to building short-wavelength optical systems to control light at the nano-scale, metrology is the foundation, and acmirror-placement errors, imperfect bending, thermal drift, vibration, or other various anomalies.
Figure 1: (a) The upgraded LTP-II [1] with a focusing mirror placed for best tuning to the desired longitudinal ellipse. A vertically adjustable gantry system of the LTP-II allows the instrument to accommodate mirror assemblies of different sizes. (b) The ALS DLTP [2] set up for optimal
shaping of a bendable X-ray mirror designed for readjustment for two focal distances. The DLTP was recently modified for optimal measurement performance with side-facing optics. that lack dedicated on-site optical metrology capabilities, including the Linac Coherent Light Source (LCLS) at SLAC and the LBNL's Center for X-ray Optics (CXRO).
and optimal beamline use of X-ray optics. On the beamline, combinations of imperfections interfere to degrade performance. Ex-situ metrology can characterize, analyze and, where possible, correct imperfections using laboratory tools and methods independent of valuable beamtime.
the upgraded classical LTP-II [1] and the autocollimator-based Developmental LTP (DLTP) [2] (Figures 1a and 1b, respectively) , provide a -ing, bending, vibration, and cooling on the overall performance of optical elements. For characterization and tuning of mirror benders, original experimental procedures have been developed [3] [4] [5] that allow us metrology with bendable optics.
The accuracy of surface slope measurements demonstrated with of the world's best instruments at synchrotron metrology labs, such as compromised by poor environmental conditions that lead to 2-3 times tuations due to instrumental drifts. The state-of-the-art accuracy at the ALS XROL comes at the expense of extended data acquisition times, including original methods for the suppression of systematic and drift II and the DLTP is limited by systematic errors that are increased when sophisticated calibration method suggested at the OML and based on a Universal Test Mirror (UTM) [12] . Work to develop a UTM system is PTB (Germany) metrology teams.
Interferometric testing is one of the most commonly used techniques in optical metrology due to its high resolution and sensitivity. Large surface shape characterization in the height domain. In the ALS XROL, useful for controlling optical assembly processes and for setting precise mutual alignment of optical components (Figure 3) .
At the ALS XROL, we have two interferometric optical microinterferometric microscopes are our basic metrology tools for high-acrms roughness measured over the mid-spatial wavelength region from about 1 µm to 5 mm. The standard list of output parameters of a microscope measurement includes values of roughness (residual slope) averaged over an area, or along a sample line. These values are limited by the bandwidth of the measuring instrument, rather than by the bandwidth required by the particular application. These parameters generof the optic in modern X-ray beamline applications where diffractionlimited focusing and coherence preservation are desired. In some cases (for example, X-ray scattering calculations, ex-situ metrology of X-ray diffraction gratings [14] ), rigorous information about the expected performance of the optic can be obtained from a statistical description of the surface topography. The description is based on power spectral density (PSD) distributions of the surface height (or slope). Spectral analysis of the surface measurements is also used to parameterize, specify, and model the surface topography of optical components [15] , as well as fabrication technologies, including optical polishing, lithography, surface coating, and multilayer deposition.
In order to account for the distortion effect of the instrumental modulation transfer function (MTF) on the PSD measurements, we have developed an MTF calibration method suitable for characterization of the use of binary pseudo-random (BPR) one-dimensional (2D) gratings and two-dimensional (2D) arrays as standard MTF test surfaces. Over physical levels/quantities (heights, materials, etc.) contains all frequencies in an equal amount. Unlike most conventional test surfaces, the in- [13] for use in Kirkpatrick-Baez (KB) herent PSD of the BPR gratings and arrays has a white-noise-like character. Two examples of the calibration samples are depicted in Figure 4 .
While appearing random, the array is constructed according to a strict mathematical formulation, and is explicitly determined. This allows the direct determination of the 1D and 2D MTFs, respectively, with a sensitivity uniform over the entire spatial frequency range of -is the main instrumental modality at the ALS XROL for imaging at the mm -1 , corresponding to development of super-high-density X-ray diffraction gratings [21] [22] [23] [24] . The ALS XROL is also equipped with a broad spectrum of optical instruments, such as a differential laser Doppler vibrometer and distance measuring interferometers, which are useful for the testing and characterization of opto-mechanical assemblies and components.
Concluding the description of capabilities for ex-situ metrology at the ALS, we should note that construction of a new optics lab, with comprehensive control of environmental conditions and clean-room --provement of all aspects of ex-situ metrology at the ALS.
Wavefront control and feedback: Mirrors getting in shape
Wavefront control and nano-focusing now drive progress in shortwavelength optical tools for science. For any such system, feedback is key. Like many aspheric focusing elements, KB mirrors tasked to perremarkably intolerant to misalignment, including simple displacements sensitivities, provided that the available feedback is up to the task.
where different alignment and wavefront-sensing approaches could be designed as research prototypes for photolithography at 13.5-nm wave- The goal was to reach diffraction-limited focusing, with mirror-slope -ible-light mirror-shape optimization provided a solid head start for work performed on the beamline, and important feedback for test sensitivities.
--A single optical rail connected to an internal breadboard provided a shared, stable platform for several critical components. The breadboard was coupled through bellows in the chamber walls to an optical bench -tion, an xy stage with an array of slits and pinholes (used one at a time) --freedom supported the two KB test mirrors. Earlier work demonstrated the importance of temperature stability for bent mirror mounts [13] , so Peltier coolers were attached to the in-vacuum mounts to maintain sensing and probing tools was mounted to an xyz stage, in such a manner than they could be inserted and removed completely from the beam to perform various tests. Finally, an X-ray CCD camera was mounted 1.5 m downstream of focus, positioned to catch the entire output beam.
This great attention to thermal and vibration stability was born of -bration and drift of components upstream of the sample plane. degenerate coupling of the mirror tilt angle and bending was observed. At low angles of incidence, changes to the glancing angle (from mirror tilting) steer the beam laterally, and change the focal distance dramatically. The axis of the tilting mechanism is centered on the center of the mirror surface to avoid motion of the beam footprint and undesirable beam displacements. 4. A scanning Hartmann test. A dense array of patterns for optical metrology (described later) was nanofabricated onto a gold absorber layer on a 2 The supporting silicon wafer chip was mounted to a xyz stage near the KB focus, held perpendicular to the beam's central ray.
The pattern contains a second pair of x and y openings. The beam is scanned in a plane downstream of focus made with sequential steps.
Knife-edge test. In what is commonly called the Foucault test
x and y knife edges are scanned through the beam near focus. Either the CCD or a photodiode can be used to measure the transmitted light intensity past the knife-edge. The signal measured as the edge scans across the focus is the onederivative reveals the beam shape and width. Compared to other misinterpret, and it senses the beam in focus where our interest lies. The downside is that, without some degree of automation and rapid collection, the test can be time-consuming, and it requires a search through multiple z Furthermore, since each measurement point is collected independently, the test is vulnerable to any kind of vibration, instability, intensity variation, or knife position errors.
Shearing interferometry. Perhaps the most versatile test inves-
x and y gradients of the wavefront. More accurately, shearing provides a result closely related to the discrete derivative. Here, a the CCD camera. Choosing a relatively coarse grating creates a small diffraction angle relative to the beam cone, providing a
The overlap may be viewed as the interference of multiple displaced copies of the test wavefront.
For high-contrast fringes, the longitudinal (z) position of the grating is important, due to the Talbot effect for diverging beams. With the detector far from focus, the grating positions for highest contrast are approximately given by z n = nd 2 n = 1) positions d z position tolerance is of Talbot self-focusing, the intensity fringes observed in these shearing interferograms are sharp and square, like the grating used to produce -ated by moving the 5-µm-pitch grating away from focus in 1 mm steps.
Shearing interferograms recorded during mirror alignment are --tively). Dust and imperfections on the mirror surfaces cause the dim patches in the interferograms. 
Figure 8: (A) Measured and (B) predicted 1D shearing interferogram details recorded as the 5-µm-pitch grating moves away from focus in 1 mm steps. With 1-nm wavelength, the peak contrast Talbot plane is anticipated to be close to 25-mm. Comparison with theory reveals a wavelength miscalibration of a few percent.
In practice, shearing requires several mathematical steps to analyze and recover the incident wavefront, but the results can also be easily interpreted by eye. When one of the KB mirrors was not orthogonal to the other, we observed tilted, non-perpendicular fringes. Furthermore, changes in the fringe pitch across the pupil show clear evidence of coma and higher aberrations. A difference in pitch between the overlapping x and y patterns is evidence of astigmatism.
is that a single recorded interferogram can reveal the instantaneous state of the system-no scanning is required-and the analysis can be performed in under a second. To improve the signal-to-noise ratio and the spatial frequency response, a short phase-shifting series can be recorded by moving the grating in a series of lateral steps and adding an additional step to the analysis.
The speed of the shearing measurements enable feedback and alignment to proceed on short timescales. We used shearing to determine the wavefront sensitivity to each degree of freedom (benders, tilt, and position actuators.) Once the error dependencies are known, various techniques, including the method of characteristic functions (see, e.g., [3, 4] and references therein) and singular-value decomposition, can be used to optimize the system alignment.
onto a camera behind the sample plane (such as coherent diffraction imaging) or where there is room for a camera behind a sample, a shearing system could be incorporated to provide feedback for adaptive control For loop-closing comparisons with optical metrology, it is imporpositions in the measured wavefront slope back onto the curved surfaces of the test mirrors. That transformation must be evaluated for each on the mirror surface and the focal plane lead to a position-dependent variation in the sensitivity to local slope errors. The farther the mirror is from focus, the greater the sensitivity to slope errors will be.
in the short-wavelength metrology toolkit. Having a reliable and ac--brated wavelengths sets the stage for fundamental studies of the optical -layers, and other structured matter used in X-ray optics.
The successful design and engineering of simple to complex optical elements and systems relies foremost on a basic knowledge of the -ing magnitudes, and as feedback to support the development of coating recipes for specialized components.
quality of countless beamlines and optical systems operating in the One of the most promising avenues for improved resolution at exist--mm, multilayer-coated gratings fabricated on anisotropically etched Si substrates [23] , providing feedback for grating nanofabrication.
--commodate optics with ever-larger diameters. Certain aspherical mirserving platter, with thicknesses of many inches and masses of tens of kilograms. These marvels of optical fabrication now meet diffractionhigh-spatial frequency roughness to match. The use of electron-beam lithography in the fabrication of Fresnel zoneplate lenses is a well-known example of where progress in the creare holographic lenses that operate by diffraction rather than refraction quality lenses are otherwise unavailable or prohibitively expensive.
Less well-known, perhaps, is the application of the same fabrication techniques to make calibrated structures for interferometry, pinmetrology. Relatively opaque materials such as gold and nickel support -ture sizes and high-aspect ratios (i.e., thick with narrow grooves) when required. The Nanowriter electron-beam lithography tool at LBNL's Center for X-ray Optics has specialized control hardware for generaton thin membranes, such as silicon-nitride, or as free-standing, stencilused to provide detailed characterizations of the resolution of optical and X-ray microscopes.
Conveniently, several metrology techniques for testing short-waveknife-edge test, the scanning-slit test, and grating-based shearing inplaced in the vicinity of the focal plane, and the transmitted light is captured downstream either by a photodiode or a CCD camera. The test structures used in the KB mirror experiments described above are integrated into a single, compound optical element on a 2 2 mm widow -sorption at 1-nm wavelength.
In this structure, two orthogonal knife-edges are available for x and y beam-width measurements. A pair of narrow x and y slits are for beam the space are 1D gratings for isolated-KB-mirror measurements and 2D values create a range of available shear magnitudes. Since the grating diffraction creates the split beams that interfere at the detector plane yielding the measurement, the grating line placement accuracy couples directly into the measured beam quality.
spherical wavefronts, and slits for cylindrical wavefronts, are placed in the beamline, and isolate the wavefront-error contributions imparted by imperfections and misalignments of the focusing optics. A beam difquality of the wavefront across the relevant solid angle. Lithographically fabricated pinholes at or below 1-µm diameter in several-micron-thick absorber layers have shown excellent performance, blocking transmitunder test, generating spatial coherence required for interferometric tests, and providing a stable point source for wavefront measurement. In ongoing work, the Nanowriter has also been used to fabricate structures for beamline spatial-coherence testing, using pinhole arrays to mimic many sets of Young-type double-slit experiments in parallel.
Conclusion
In its many forms, metrology data is the essential feedback that enables progress in short-wavelength nanoscience. The demands on metrology are continually increasing. We have reviewed the X-ray optics metrology network developed at the ALS, which includes a set of ex-situ metrological tools in the ALS X-ray Optics Laboratory, an at-wavelength metrology test set up at the ALS BL 5.3.1, the ALS the CXRO Nanowriter electron-beam lithography tool, working together with shared goals. These complementary metrology tools and the collective expertise that guides their use are essential for ensuring -The ongoing dialog and rich collaborations that have developed among metrologists at laboratories worldwide seed the ground for another generation of progress.
